The ontogeny of the somatotropin/insulin-like growth factor system was examined in well-fed pigs under basal conditions and during a short-term challenge of porcine ST (pST). The study was conducted with two replicates of eight castrate male pigs from 3.8 kg BW (10 d of age) to 92 kg BW (129 d of age). Pigs were reared individually with ad libitum access to milk replacer through 23 d of age. Thereafter, pigs were fed a corn, soybean meal, and dry skim milk diet formulated to exceed nutrient requirements by approximately 30%. Pigs were randomly assigned to receive daily i.m. injections of either 0 (buffer) or 120 µg/kg BW of pST for a duration of 4 d starting at 10, 19, 33, 43, 63, 83, and 125 d of age. Blood was collected via jugular venipuncture on d 0 and 4 of the challenge. Circulating levels of IGF-I were not dramatically affected by age, but levels of IGF-II were low from 10 to 19 d of age and then increased through later stages of growth. Circulating concentrations of IGF binding protein (BP)-3 increased with age (P < .05), but levels of IGFBP-2, a 30-kDa
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Received August 31, 1998 . Accepted April 26, 1999 2934 IGFBP, and IGFBP-4 were unchanged (P > .10). The pST challenge reduced plasma urea nitrogen at all ages, but the magnitude of the response was less in younger pigs compared with the maximum response in pigs greater than 30 kg BW (63 d of age). The IGF-I response to the pST challenge also increased from approximately 30% in young pigs to a threefold increase in older pigs. Regardless of age, concentrations of IGF-II were minimally affected by the pST challenge. Circulating levels of IGFBP-3 increased and IGFBP-2 levels decreased in response to the pST challenge, and the magnitude increased with age. The high nutritional status of pigs in the early phases of growth diminished the postnatal changes in IGF-I and IGFBP-2, but not IGF-II or IGFBP-3. Overall, data demonstrate a developmental regulation of the ST/IGF system, with pST challenges altering circulating concentrations of IGF-I, IGFBP-3, and IGFBP-2 coincident with changes in amino acid metabolism.
ical regions develop at different rates and contain different proportions of protein, fat, water, and ash (Palsson, 1955) . This suggests that homeorrhetic regulation of the partitioning of nutrients occurs in a developmental and tissue-specific manner (Bell et al., 1987) . However, relatively little information is available for understanding the regulation of these developmental changes. Somatotropin is a key homeorrhetic controller of the partitioning of nutrients for growth. In most species, ST deficiency, either experimentally induced or deriving from genetic disorders, resulted in growth retardation and alterations in the composition of gain (Hausman et al., 1982 (Hausman et al., , 1987 Flint and Gardner, 1989; Florini et al., 1996) . In contrast, administering ST to growing pigs enhanced growth rate, improved rates of protein accretion, and decreased rates of lipid deposition (NRC, 1994) . The mechanism by which ST alters the composition of gain includes direct effects, such as for adipose tissue, and indirect effects mediated by the IGF, as is postulated to occur with skeletal muscle (Boyd and Bauman, 1989; Etherton and Bauman, 1998) . However, the effect of ST on tissue growth seems to vary between different phases of growth. Somatotropin seems to have minimal effects during the prenatal and early postnatal periods, but it has substantial effects in later stages of growth (Boyd et al., 1991; Campbell et al. 1991; NRC, 1994) . Thus, the maturation of the ST/IGF axis may be an important component of the ontogeny of growth regulation. Our objective for the current study was to examine the maturation of the ST/IGF axis in growing pigs under basal conditions and in response to challenges of exogenous ST. Efforts focused on components of the IGF system and effects of ST on amino acid utilization.
Materials and Methods
Animal Care. All procedures performed on animals were approved by the Cornell University Institutional Animal Care and Use Committee. Pigs, selected for high lean growth potential (Large White × Landrace × Duroc females crossed with multiple-breeds hybrid male; Pig Improvement Company, Franklin, KY), were housed in individual pens in environmentally controlled buildings and given ad libitum access to water at all times.
Two replications of 10 to 12 castrate male pigs were removed from several litters at 2 to 3 d of age and placed in an environmentally controlled room (33°C). Approximately 1 h later, pigs were encouraged to consume whole cow's milk, and encouragement continued at hourly intervals. After 5 to 6 h, most pigs had learned to consume milk. For each replicate, pigs (n = 8) that were routinely consuming the diet were selected and placed in individual cages (.75 × .80 m). Pigs were then fed increasing amounts of milk at hourly intervals and gradually switched to a 100% milk replacer diet (15% solids). After 18 h, pigs had generally learned to operate the dispensers and were placed on ad libitum milk replacer consumption with some encouragment still continued at 1-to 2-h intervals. Over the next 7 d, pigs were gradually adjusted to the diet presented in Table  1 . Fresh milk replacer was added frequently throughout the day to ensure ad libitum intake and minimize separation of milk components. Pigs were weaned to a commercial creep feed at 23 d of age. After adjustment to dry feed, pigs had ad libitum access throughout the remainder of the study to a corn-soybean meal-dry skim milk diet that was formulated to exceed NRC (1988) requirements for nutrients by approximately 30%.
Experimental Protocol. lized in 30 mM bicarbonate buffer solution (pH 9.5) to a final concentration of approximately 1, 2, or 4 mg/mL. The concentration of hormone was changed throughout the study to minimize injection volume (< 3 mL). Control pigs received injections of an equal volume of buffer (excipient).
Blood Collection and Analyses. Blood samples were collected at approximately 1000 via jugular venipuncture initially on d 0 of the challenge (basal period) and then 24 h after the d-4 injection of exogenous pST. Blood samples were placed in heparinized tubes on ice and then centrifuged, and plasma was collected and stored at -20°C until analyses. Plasma was analyzed for urea nitrogen concentrations and for components of the IGF system. Plasma urea nitrogen (PUN) concentrations were determined with an enzymatic colorimetric assay (Sigma, St. Louis, MO). Inter-and intraassay CV for PUN were less than 5%.
Plasma IGF-I and IGF-II were analyzed with RIA. Plasma IGF were dissociated from the IGF binding proteins (IGFBP) using Sep-Pak Plus C 18 cartridges (Waters, Milford, MA) as described by Lee et al. (1991) and analyzed according to McGuire et al. (1995) . For the analysis of IGF-I, recombinant bovine IGF-I (lot GTS-1; Monsanto Co., St. Louis, MO) was used for both iodination and standards. Primary mouse antiserum (monoclonal 3D1/2/1) was supplied by the National Hormone and Pituitary Program (Baltimore, MD) and the interand intraassay CV for the IGF-I assay were 7.3 and 8.3%, respectively. Recombinant bovine IGF-II (lot JG6; Monsanto Co.) was used for iodination and standards. The primary antiserum for the assay was mouse monoclonal immunoglobulin G (IgG) anti-rat IGF-II (Amano Co., Troy, VA) and the inter-and intraassay CV were 14.6 and 22.6%, respectively.
The IGFBP were analyzed with Western ligand blotting techniques (Cohick et al., 1992 ) using aliquots of plasma from d 0 and 4 of the challenge. Gel electrophoresis was performed with a Protean II apparatus (BioRad, Hercules, CA), and samples (1 µL plasma/lane) were separated electrophoretically on a 10% polyacrylamide separating gel at 35 mA/gel until the dye front had progressed for approximately 14 cm. Separated proteins were transferred to nitrocellulose membranes overnight at 30 V. Each membrane was blocked with a 1% BSA solution and then incubated overnight with 20 mL of 100,000 cpm/mL of [ 125 ]IGF-I. Intensities of bands were estimated with a densitometer (PhosphoImager, Molecular Dynamics, Sunnyvale, CA), and the molecular sizes of proteins were estimated from autoradiographs by the mobility of prestained protein standards (Bio-Rad). Age-related differences in components of the IGF system were determined using only basal (d 0) samples from six randomly selected pigs. Age-related differences in the IGF and IGFBP data were conducted in assays separate from those measuring response to pST to remove the effects of interassay differences.
Statistical Analysis. Basal samples (d 0) from 6 of the sixteen pigs that started the study were run in a separate assay to evaluate the effects of age on components of the IGF system. A completely randomized block design at each challenge period was used for statistical analysis. The main effects of replication and the response to pST were evaluated with ANOVA within each time period with d-0 samples used as covariates. All statistical analyses were performed by using Minitab Statistical Software (Minitab Inc., State College, PA).
Results
Artificial rearing with ad libitum access to milk replacer in this strain of pigs resulted in growth rates of 400 to 500 g/d during the neonatal period of growth (Figure 1 ). Subsequent performance during the early postweaning and later phases of growth ranged from approximately 700 to 1,000 g/d (Figure 1 ). Basal plasma IGF-I levels ( Figure 2 ) were similar (P > .10) through 33 d of age. Thereafter, IGF-I levels were higher (P < .05) than on d 10 and 33. Plasma concentrations of IGF-II ( Figure 2) were lower during the artificial rearing period and then progressively increased (P < .05) postweaning. Circulating IGF-II reached a plateau in the later phases of growth at concentrations that were two to three times greater than those observed in young pigs.
Binding proteins for IGF with relative molecular weights of 43, 38, 33, 30, and 24 kDa were detected from Western ligand analysis of plasma; a representative blot is presented in Figure 3 . The 43 and 38-kDa proteins have been identified as heterogeneously glycosylated variants of IGFBP-3 (Coleman and Etherton, 1991; Lee et al., 1991) , the 33-kDa protein as IGFBP-2 (Coleman and Etherton, 1991; Lee et al., 1991) , and the 24-kDa protein as IGFBP-4 (Rechler, 1993) . The 30- kDa band could represent a mixture of several different IGFBP (Coleman and Etherton, 1991; Lee et al., 1991; Rechler, 1993) . The IGFBP were affected by age in different manners (Table 2 ). Both the high and low molecular weight variants of IGFBP-3 were lowest in younger pigs and then increased (P < .05) with age. In contrast, circulating concentrations of IGFBP-2 were not affected (P > .10) by age. Also, the 30-kDa band and IGFBP-4 levels were similar across all stages of growth. The response to pST challenges was determined by comparisons between control pigs and those that received the 4-d challenge of pST. The pST challenge reduced (P < .05) PUN levels at all ages (Figure 4) . However, the percentage change was lower in younger pigs, and the magnitude of the reduction in PUN levels in response to the challenge increased to approximately -50% in older pigs. Circulating IGF-I response to the pST challenge also varied with age ( Figure 5 ). Limited increases (P < .10) in circulating IGF-I occurred in young pigs through 37 d of age. Thereafter, the magnitude of the response in IGF-I to the pST challenge increased (P < .05) progressively with age. The maximal response to pST resulted in a three-fold increase in IGF-I levels in pigs at the oldest time point (129 d of age, 92 kg BW). In general, there were minimal changes in circulating IGF-II concentrations ( Figure 5 ) in response to the pST challenge. Circulating concentrations of IGF-II were not altered (P > .10) in response to the pST challenge in pigs less than 47 d of age. Once pigs were at least 63 d of age, the pST challenge decreased circulating IGF-II levels by 20 to 50%.
Both variants of heterogeneously glycosylated IGFBP-3 responded to the pST challenge in a similar manner (Table 3) . Total IGFBP-3 and IGFBP-2 concentrations were minimally altered (P > .10) by the pST challenge at the earlier ages ( Figure 6 ). However, the pST challenge increased (P < .05) IGFBP-3 levels at 63 d of age, and the magnitude of the IGFBP3 response increased during later times. Treatment with pST maximally reduced (P < .05) IGFBP-2 levels by approximately 50 to 60% in pigs older than 47 d of age. The pST challenge did not alter the amount of the 30-kDa band (Table 3) in pigs less than 47 d of age, but levels were increased (P < .05) in later phases of growth. No Differences at each age between control pigs and those receiving pST are indicated by *(P < .05) and †(P < .10).
response to the pST challenge occurred for plasma concentrations of IGFBP-4 (Table 3) during the earlier times, but IGFBP-4 concentrations were increased (P < .10) in pigs greater than 67 d of age.
Discussion
Nutrition and ST are important regulators of components of the IGF system (see reviews by Daughaday and Rotwein, 1989; Rechler, 1993; Thissen et al., 1994; Jones and Clemmons, 1995; Wood, 1995) . We examined the maturation of the IGF system under basal conditions and in response to ST challenge in pigs over the postnatal growth period. A key feature of our study design was that pigs were artificially reared during the nursing period to optimize nutritional status (Harrell et al., 1993) . Circulating levels of IGF-I and IGF-II were increased with postnatal age, but the magnitude of the increase was much greater for IGF-II. The postnatal age effects on circulating IGF-I levels in the present study are different from the pattern found in many studies. Circulating levels of IGF-I increased gradually from birth to puberty in humans (Daughaday and Rotwein, 1989 ), a time that encompasses a stage of development similar to that of pigs in the present study. A similar increase in circulating IGF-I occurs in rodents from birth until approximately 3 wk of age and then levels dramatically increase thereafter (Donovan et al., 1989; Wood, 1995) In pigs, Lee at al. (1991 Lee at al. ( , 1993 reported lower levels of circulating IGF-I during fetal and early postnatal life and then dramatically increased levels in later stages of growth. Circulating levels of IGF-I are correlated with hepatic expression of mRNA for IGF-I in rodents; this may indicate that the liver is the main source of circulating IGF (Daughaday and Rotwein, 1989; Rechler, 1993; Binoux, 1995; Jones and Clemmons, 1995; Wood, 1995) . However, in young pigs, the major source of circulating IGF-I may be other tissues such as skeletal muscle (Lee et al., 1993; Peng et al., 1996) . Postnatal increases in IGF-II levels are found in humans, but not in rats (Daughaday and Rotwein, 1989; Donovan et al., 1989) . In rats, circulating levels of IGF-II are highest during fetal life; they decrease during the neonatal phase of growth, continue to fall postnatally, and are undetectable in adults. Other studies conducted with pigs (Lee et al., 1991 (Lee et al., , 1993 Peng et al., 1996) indicated a postnatal increase in levels of IGF-II from birth to puberty similar to that found in the present study. The postnatal increases in circulating IGF-II levels are surprising because of the decreased tissue expression with increased age (Lee et al., 1993; Peng et al., 1996) . Therefore, the postnatal increase in IGF-II levels may result from reduced clearance rates rather than from increased production.
The IGFBP are also regulated by stage of development (Clemmons, 1993; Rechler, 1993) . The major postnatal IGFBP carrier of IGF circulates at approximately 150 kDa and contains equimolar proportions of an IGF, IGFBP-3, and an acid labile subunit (Rechler, 1993) . In the present study, circulating levels of IGFBP-3 increased with postnatal age (Table 2 ). This postnatal increase in IGFBP-3 is similar to results found with humans (Rechler, 1993) and other studies conducted with pigs (Lee et al., 1991 (Lee et al., , 1993 Owens et al., 1991; Peng et al., 1996) . However, it contrasts with data for rats, in which no IGFBP-3 was detected during the early postnatal period of growth (1 to 39 d of age) and then increasing amounts up to 100 d of age (Donovan et al., 1989) . The age-related increases in circulating IGFBP-3 found in young pigs are likely due to increased hepatic production and not to altered clearance rates (Lee et al., 1993; Peng et al., 1996) . Insulin-like growth factor I is thought to be a major regulator of IGFBP-3 expression in rats (Zapf et al., 1989; Thissen et al., 1991) , but our data provide no support for this in pigs given the different pattern of developmental regulation for IGF-I and IGFBP-3. Our data indicate that only IGFBP-3 is extensively regulated by postnatal stage of development. The postnatal rise in IGFBP-3 and increased total IGF binding sites is consistent with an increasing role for the endocrine mode of IGF stimulation as the animal ages, compared to an autocrine/paracrine mode of stimulation in earlier stages of development.
Circulating levels of IGFBP-2 were not altered by postnatal age in the present study. Lee et al. (1991 Lee et al. ( , 1993 found high levels of IGFBP-2 during fetal life, intermediate levels in nursing pigs (d 2 and 21 of age), and lower levels in later phases of growth (d 169 of age). Peng et al. (1996) found high levels of IGFBP-2 in fetal pigs and very early in postnatal life, but, thereafter, levels were fairly constant. In humans and rats, IGFBP-2 is the predominant IGFBP in fetal circulation, but it decreases with postnatal age (Donovan et al., 1989; Rechler, 1993) . Neither the 30-kDa band nor IGFBP-4 was affected by postnatal age in the present study. The lack of developmental age effects on IGFBP-4 is consistent with results from other studies (Lee et al., 1991; Peng et al., 1996) . However, Donovan et al. (1989) found higher amounts of a 22-kDa protein (presumably IGFBP-4) when levels of a 28-kDa protein were declining and before the rise in IGFBP-3.
Inadequate nutrition results in lower circulating levels of IGF-I and IGFBP-3 but higher levels of IGFBP-2 (Thissen et al., 1994) . In the present study, artificial rearing to improve nutritional status during the nursing period (Harrell et al., 1993) reduced the age-dependent effects typically observed for circulating IGF-I and IGFBP-2. However, improved nutritional status did not abolish the developmental increases in circulating levels of IGF-II and IGFBP-3. Further evidence of nutritional effects on the IGF system are the lower IGF-I levels in the 33-d-old pigs which were evaluated at the first postweaning time. Circulating IGF-I concentrations are lower at this time despite the high levels of performance, but a lag phase is evident in restoring circulating IGF-I by refeeding after a period of feed deprivation (Thissen et al., 1994) . Minimal data are available regarding the effects of nutrition on IGF-II, and the basis for the postnatal rise found in the present study is unknown. Improved nutritional status of young pigs did not overcome the age-dependent increase in IGFBP-3, which suggests that nutritional regulation of IGFBP-3 may be less important in younger animals than in older ones. In contrast, the comparatively lower levels of circulating IGFBP-2 relative to the other IGFBP we observed in our artificially reared pigs, compared with pigs reared by sows (Lee et al., 1991 (Lee et al., , 1993 , are probably related to differences in nutritional status. Thus, some, but not all, of the developmental age effects on the IGF system may be explained by the suboptimal nutritional status of nursing pigs during early postnatal phases of growth.
Administration of exogenous pST to growing pigs increases protein deposition, and the mechanism is thought to involve components of the IGF system (see reviews by Boyd and Bauman, 1989; NRC, 1994; Etherton and Bauman, 1998) . In the present study, we administered a pST challenge to evaluate the ST/IGF axis and observed that circulating IGF-I responded differently to the pST challenge across the different phases of growth. The pST challenge resulted in only 20 to 30% increases in circulating IGF-I in young pigs, but the magnitude of response increased over the growth period and at 125 d of age IGF-I levels increased by 300%. Similarly, elevated levels of IGF-I did not occur until 2 wk of age in transgenic mice overexpressing ST and preceded the accelerated growth rates (Mathews et al., 1988) . The magnitude of the increase in circulating levels of IGF-I to exogenous pST in older pigs is similar to that in other studies with pigs of similar age (Campbell et al., 1990; Owens et al., 1990; Coleman et al., 1994) . We observed that circulating levels of IGF-II were minimally affected by the pST challenge, and this is consistent with previous reports for ST treatment of growing pigs (Evock et al., 1990; Owens et al., 1990) and lactating cows (Vicini et al., 1991; McGuire et al., 1992 McGuire et al., , 1995 .
Levels of IGFBP-3 in animals challenged with pST increased in an age-dependent manner, as did levels of IGF-I. The age-dependent increases are consistent with the premise that IGFBP-3 is a component of the 150-kDa complex, which provides a reservoir of circulating IGF-I. The proportion of the high and low molecular weight variants of IGFBP-3 was not regulated by stage of growth or pST. These results do not provide evidence that differences in glycosylation of IGFBP-3 modulate IGF activity, because the composition of gain and the efficiency of nitrogen utilization (Carr et al., 1977; Shields et al., 1983) , as well as the response to exogenous pST (Boyd and Bauman, 1989; Boyd et al., 1991; Harrell et al., 1997) , change with stage of development. Circulating levels of IGFBP-2 were reduced by the pST challenge in an age-dependent manner. Increases in IGFBP-3 and decreases in IGFBP-2 have been previously reported for pST treatment of older pigs (Walton and Etherton, 1989; Coleman and Etherton, 1991) . The age-dependent increases in IGFBP-4 in response to the pST challenge (Table 3) are surprising considering the inhibitory effect of IGFBP-4 on IGF action (Jones and Clemmons, 1995) , but IGFBP-4 activity is extensively regulated by specific protease activity (Clemmons, 1993) .
A portion of growth regulation by the ST/IGF system involves effects on amino acid oxidation and the efficiency of amino acid use (Boyd et al., 1991; NRC, 1994) . Circulating PUN concentrations reflect the extent of amino acid oxidation, and we observed that pST challenges decreased PUN levels at all ages. However, the magnitude of the response was age-dependent, with greater reductions occurring in older pigs. Thus, results are consistent with changes in the ST/IGF axis as previously discussed with slaughter balance studies showing that protein accretion response to pST treatment is enhanced in later phases of growth (Boyd and Bauman, 1989; Boyd et al., 1991; Harrell et al., 1997) .
Overall, the maturation of the ST/IGF axis during early postnatal life corresponds to developmental changes in the IGF system and subsequent effects on amino acid metabolism. A key component of this maturation and responses to exogenous pST may be the abundance of functional ST receptors. Binding of ST to hepatic receptors is regulated by nutritional status (Weller et al., 1994) and also is developmentally regulated in pigs (Breier et al., 1989; Peng et al., 1996; Schnoebelen-Combes et al., 1996) and rats (Maes et al., 1983) ; little or no binding occurs in neonates, and then binding increases to its maximal point in prepubertal animals. Thus, the developmental pattern in the regulation of ST receptors as reported by others seems to coincide with the age-dependent responses to the pST challenge observed in the present study for the IGF system and amino acid metabolism.
Implications
Characterization of the somatotropin (ST)/insulinlike growth factor (IGF) axis in well-fed pigs from early postnatal age to nearly commercial market weight indicates that improved nutritional status in the early phases of growth removes some of the age-dependent changes in circulating IGF-I and IGF binding protein (BP)-2, but not IGFBP-3. The ability of porcine ST to reduce plasma urea nitrogen increased in the later phases of growth, consistent with a reduction in amino acid oxidation and improved efficiency of amino acid use for protein accretion. These effects on amino acid metabolism parallel age-dependent changes in the ST/ IGF axis. This information helps define critical times when the mechanisms of growth regulation vary according to developmental age.
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